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Abstract 
A novel hybrid membrane of poly(amidoamine) (PAMAM) dendrimer/cross-linked poly(vinyl alcohol) (PVA) was 
developed for the selective separation of CO2 from a mixture of CO2 and H2. PAMAM dendrimers were incorporated 
into a cross-linked PVA matrix to improve CO2 separation performance at elevated pressures. An organic metal 
compound di-isopropoxy-bis(triethanol aminato) titanium (Ti cross-linker) was selected as the PVA cross-linker. The 
effects of cross-linker concentration and membrane thickness on separation performance were discussed. The 
optimum concentration of Ti cross-linker was from 10 to 25 wt%. CO2 permeance increased with decreasing 
thickness, but the CO2/H2 selectivity decreased with decreasing thickness. The effect of operating temperature on 
CO2 separation properties using of the thinnest membrane was discussed. Both QCO2 and CO2/H2 selectivity increased 
with increasing temperature. The CO2/H2 selectivity reached a maximum of 32 with CO2 permeance of 3.0 × 10-11 
m3(STP)/(m2 s Pa) at 60 °C under CO2 partial pressure of 560 kPa. SEM observation and XPS spectra showed that 
the selective layer of thickness 6 m of PAMAM/cross-linked PVA hybrid composite membrane onto a PVDF 
substrate was formed. The PAMAM dendrimer/cross-linked PVA membrane shows great potential for CO2 
separation from H2 in high pressure applications, such as IGCC process. 
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1. Introduction 
Carbon dioxide capture and storage (CCS) is widely accepted as an important option for mitigating 
climate change. The cost of CO2 capture has been reported more than 60% of the total cost of CCS, and 
thus reducing the cost of CO2 capture is a critical if CCS is to be implemented. Coal-based plants for 
electricity generation are major CO2 emission sources. IGCC (the integrated coal gasification combined 
cycle) with CCS is expected to be an efficient and environmentally-friendly power generation system. 
Membrane separation is one of the promising CO2 separation techniques for IGCC process, because the 
pressurized gas stream in the IGCC plant would be directly applicable to membrane separation without 
compressing feed gas or evacuating permeate side, which would result in reducing CO2 capture cost [1]. 
Sirkar et al. reported that Poly(amidoamine) (PAMAM) dendrimer immobilized liquid membrane 
(ILM) demonstrates excellent CO2 selectivity over various gases under atmospheric pressure [2,3]. 
However, the dendrimer ILM had insufficient pressure durability for practical use because of the flow 
nature of the PAMAM dendrimer at or above room temperature. The physicochemical properties of 
poly(vinyl alcohol) (PVA) are suitable for a polymeric matrix to incorporate CO2 carriers because of high 
pressure tolerance and gas permeability [4,5]. The hydroxyl group of the PVA would have affinity to 
primary amine of PAMAM dendrimer upon the formation of hydrogen bonding. In our previous paper [6, 
7], we successfully prepared PAMAM dendrimer/cross-linked PVA hybrid membranes for CO2 separation 
performance at elevated pressures. The CO2/H2 selectivity was more than 30 at 560 kPa of CO2 partial 
pressure and 40 °C using the free-standing film of PAMAM dendrimer/cross-linked PVA with a thickness 
 To improve the CO2 separation performance, the effect of amino acid addition into 
hybrid membrane and the effect of the temperature on CO2 separation properties were studied [7]. In this 
study, the effects of cross-linker concentration and membrane thickness on separation properties were 
discussed. The composite membranes were prepared by casting solution of resulting hybrid membrane 
onto a PVDF support membrane. The characterization of composite membrane was conducted using SEM 
and XPS. The effect of temperature of composite membrane was investigated. 
 
2. Experimental 
2.1. Materials 
PVA (98+ mol% hydrolyzed; degree of polymerization: 2,000) was purchased from Wako Pure 
Chemical (Osaka, Japan), Ti cross-linker was obtained as a 80 wt.% isopropanol solution from 
Matsumoto Fine Chemical (Chiba, Japan), and PAMAM dendrimer (0th generation) was purchased as a 
20 wt% methanol solution from Sigma-Aldrich (MO, USA). The chemical structures of the materials 
mentioned above were shown in [6]. 
 
2.2. Membrane preparation 
 
PAMAM/PVA hybrid membranes (free-standing films) were prepared by casting solution of different 
weight of the reaction mixture of PAMAM, PVA and Ti cross-linker as shown in [6] on a Teflon dish 
(I.D.: 6.0 cm), followed by drying at room temperature for two days to evaporate the water. It should be 
mentioned that, after the addition of a Ti cross-linker, the cross-linking reaction proceeds gradually. 
Increase in solution viscosity was actually observed, although the viscosity has not been measured. 
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However, in the first 4 hours, gelation does not take place and can be cast in a Teflon dish to give 
macroscopically homogeneous membrane. The solution becomes gel afterwards because of PVA cross-
linked by Ti cross-linker as shown in Fig. 1(a). On the other hand, PAMAM and Ti cross-linker did not 
react, as shown in Fig. 1(b). It was confirmed that Ti cross-linker reacts only with PVA. The resulting 
membrane was further dried by heating to 40 °C for 24 h and then to 120 °C for 1 h. 
 
 
                                              (a)                                                                            (b)     
Fig. 1. PVA network formation. (a) PVA+Ti cross-linker (gelation); (b) PAMAM +Ti cross-linker 
 
The composite membrane was prepared by casting solution of resulting hybrid membrane onto PVDF 
support membrane. polyvinylidene difluoride (PVDF) porous support (hydrophobic surface, average pore 
size of 0.1 m, thickness of 120 m and porosity of 80%) was purchased from Millipore Com. The cast 
membrane was then dried overnight and thermally treated at 120°C for 10 min. 
2.3. Permeation experiments 
A schematic diagram of the gas separation experiment setup is shown in [6]. A CO2/H2 (80/20 by vol.) 
gas mixture was humidified at 80 % relative humidity and then fed to a flat-sheet membrane cell at a flow 
rate of 100 ml/min. As we reported in our previous papers, our membrane needs relative humidity as high 
as 80 RH% to show high separation performance [8]. The CO2 partial pressures of the feed side were 80 
and 560 kPa. Dry He was supplied at a flow rate of 10 ml/min to the permeate side of the cell as a sweep 
gas. The test operating temperatures ranged from 40 to 60 °C. The CO2 and H2 concentrations in both 
feed and permeate gas were measured by gas chromatography. Permeance, Q, and selectivity, CO2/H2 
were calculated as expressed in [6, 7]. 
2.4. Membrane characterization 
The morphologic analysis of composite membrane was performed using scanning electron microscopy 
(SEM, HitachiS-4800), at an accelerating voltage of 1.0 kV. Cross-sections of the composite membrane 
were obtained by fracturing the membrane in liquid N2, and these sections were made conductive by 
coating with Pt/Pd. X-ray photoelectron spectrometry (XPS, PHI 5000 VersaProbe, Scanning ESCA 
Microprobe) equipped with an Al K . X-ray source, was used to investigate the surface of the composite 
membrane. 
 
3. Results and discussion 
3.1. The effect of cross-linker concentration on CO2 separation properties 
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PAMAM/PVA hybrid membranes (Free-standing films) were prepared from 0 to 50 wt% with Ti 
cross-linker concentration / (Ti +PVA). Fig. 2 shows CO2, H2 gas permeances and CO2/H2 selectivity for 
hybrid membranes prepared from different concentration. As shown in Fig. 2, both QCO2 and CO2/H2 
selectivity increased with increasing Ti cross-linker concentration up to 12.5 wt%, then they decreased 
with increasing Ti cross-linker concentration. As a result, the optimum of Ti cross-linker concentration 
was from 10 to 25 wt%. 
 
 
Fig. 2. The effect of cross-linker concentration on CO2 separation properties of PAMAM/cross-linked PVA at 80 kPa of CO2 partial 
pressure and 80 %RH with the membrane thickness 400 m. 
3.2. The effect of membrane thickness on CO2 separation properties 
Fig. 3 shows CO2, H2 gas permeances and CO2/H2 selectivity for hybrid membranes having different 
thickness ranged from 6 m to 400 m. The membrane of 6 m thickness was prepared by casting 
solution of resulting hybrid membrane onto PVDF support membrane as mentioned above. As shown in 
the Fig. 3, QCO2 increased with decreasing thickness, however the CO2/H2 selectivity decreased with 
decreasing thickness. As a result, QCO2 increased from 8.1 × 10-13 to 1.1 × 10-11 m3 (STP)/ (m2 s Pa) with 
CO2/H2 selectivity decreased from 35 to 10. The membrane thickness dependence of QCO2 was lower than 
that of QH2. To obtain high QCO2 and CO2/H2 selectivity, CO2 affinity composition of membrane with 
much higher reactivity toward CO2 is necessary [9]. 
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Fig. 3. The effect of membrane thickness on CO2 separation properties of PAMAM/cross-linked PVA at 560 kPa of CO2 partial 
pressure and 80 %RH. 
 
3.3. The effect of temperature on CO2 separation properties 
The effects of temperature on CO2 separation properties were studied using tow membranes: (1) 
PAMAM/PVA hybrid membrane (63.3/32.6) (free-standing film) with the membrane thickness 400 m, 
and (2) composite PAMAM/PVA hybrid membrane (63.3/32.6) on PVDF with the membrane thickness 6 
m, at 560 kPa CO2 partial pressure and 80 %RH. The effect of temperature on CO2 separation properties 
of PAMAM/PVA hybrid membrane (free-standing film) was reported in [6]. The effect of temperature on 
CO2 separation properties of composite PAMAM/PVA hybrid membrane is illustrated in Fig. 4. 
 
 
Fig. 4. The effect of operating temperature on CO2 separation properties of PAMAM/ cross-linked PVA (63.3/32.6) at 560 kPa CO2 
partial pressure and 80 %RH with the membrane thickness 6 m. 
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As shown in Fig. 4, QCO2 and CO2/H2 selectivity increased as temperature increased. The increase in 
the QCO2 was greater than that of QH2, providing better CO2/H2 selectivity at a higher temperature. The 
CO2/H2 selectivity finally reached a maximum of 32 with a CO2 permeance of 3.0 × 10-11 m3(STP)/(m2 s 
Pa) at 60 °C under CO2 partial pressure of 560 kPa. The increases of QCO2 and CO2/H2 or CO2/N2 
selectivity with increasing temperature has also been reported by Matsumiya et al. [10] and Tee et al. [11]. 
As discussed by Tee et al.[6], this result was probably due to the higher reaction and diffusion rates for 
the CO2-amino group reaction and reaction products (probably bicarbonate ion in this membrane), 
respectively, at higher temperatures [11]. The PAMAM dendrimer/cross-linked PVA membrane shows 
great potential for CO2 separation from H2 at elevated pressures.  
 
3.4. Membrane characterization via SEM images 
SEM images of PAMAM/PVA hybrid membrane and PVDF substrate are shown in Fig. 5. From 
surfaces image of SEM, there were a lot of pores on the surface of PVDF substrate. On the other hand, 
there were no pores on surface of PAMAM/PVA hybrid composite membrane in Fig. 5 (1a, 2a). The 
thickness of PAMAM/PVA hybrid membrane layer was observed to be about 6 m from cross-sectional 
images in Fig. 5 (1b, 2b). 
 
 
(1a)                                                                     (2a) 
 
 (1b)                                                                      (2b) 
Fig. 5. SEM images of PAMAM / PVA hybrid composite membrane and PVDF substrate. Surfaces image: (1a) PVDF substrate, 
(2a) PAMAM/PVA hybrid composite membrane;  Cross-sectional image: (1b) PVDF substrate,  (2b) PAMAM/PVA hybrid 
composite membrane. 
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3.5. Membrane characterization via XPS spectra 
XPS spectra of PAMAM/cross-linked PVA hybrid membrane on PVDF substrate is shown in Fig. 6. 
The observed XPS signal intensity fractions (0.68, 0.17, 0.15 and 0.0018) for C(1s), N(1s), O(1s) and 
Ti(2p3/2), are consistent with calculated values (0.62, 0.25, 0.13 and 0.0017). F(1s) of PVDF substrate 
was not observed. Therefore, it was confirmed that PAMAM/cross-linked PVA hybrid membrane layer 
was uniformly formed without pinholes. 
 
 
Fig. 6. XPS spectrum of PAMAM/cross-linked PVA hybrid membrane. 
 
4. Conclusions 
PAMAM dendrimer was incorporated into a cross-linked PVA matrix to form CO2 selective 
membranes with improved CO2 separation performance at elevated pressure. PAMAM was successfully 
immobilized in cross-linked PVA matrix by Ti cross-linker. Optimum concentration of Ti cross-linker 
was from 10 to 25 wt%. CO2 permeance increased with decreasing membrane thickness. Both QCO2 and 
CO2/H2 selectivity increased with increasing temperature. The PAMAM dendrimer/cross-linked PVA 
membrane shows great potential for CO2 separation from H2 in high pressure applications, such as IGCC 
process. 
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